Introduction {#s1}
============

Foot-and-mouth disease (FMD) is a highly contagious disease affecting cloven-hoofed animals that is caused by a virus belonging to the *Picornaviridae* family: FMD virus (FMDV). Although the mortality rate is low, FMD is feared in farm industry and animal health because, in an outbreak, massive culling of infected or suspected animals is mandatory, with devastating economic impact. In addition, FMD control is costly in endemic countries in which current vaccines based on inactivated viruses are being used for disease control ([@B1]). Nevertheless, several drawbacks associated with these vaccines have led FMD-free countries to follow non-vaccination policies, increasing the risk of disease reintroduction and severe outbreaks ([@B2]). Therefore, the development of safer and effective vaccines is a major priority for FMD control including those based on viral subunits ([@B3]--[@B5]). Targeting capsid protein VP1 for the induction of neutralizing anti-FMDV antibodies was one of the first attempts to produce peptide-based subunit vaccines. Among the advantages of peptide vaccines are: (i) safety, as non-infectious material is used, and no reversion to virulence is possible, (ii) DIVA condition (efficient serological distinction between infected and vaccinated animals), (iii) easy to handle and store (no cold chain is required), (iv) chemical stability, and (v) affordable large scale production. The first attempts to produce vaccines based on synthetic VP1 capsid protein were reported in the early 80s ([@B6]), but later reports evidenced the low immunogenicity of VP1, probably due to non-native folding when expressed in a non-capsid protein context. Since then, peptides corresponding to the G-H loop in VP1 have been used as the main component of FMD peptide vaccines ([@B7]--[@B9]). An important advantage of this B-cell epitope is that it is structurally continuous and easy to mimic as a peptide.

Despite the vaccine potential of FMDV peptides, the main limitation faced during decades was their weak immunogenicity when compared with conventional vaccines that use inactivated virus as immunogen ([@B10]), a limitation that may lead to selection of antigenic variants in partially immunized animals ([@B11]). Optimization of the B-cell sites and inclusion in peptide vaccines of specific T-cell epitopes recognized by different MHC molecules capable of evoking adequate T-cell responses, are requirements for optimal production of FMDV neutralizing antibodies (nAbs) and have therefore been included in the composition of linear vaccine peptides ([@B12]--[@B15]). Nevertheless, since classical linear peptides barely achieved levels of protection in livestock as those required for their use as commercial vaccines ([@B11], [@B16]), multimerization strategies have been developed to overcome this low-immunogenicity. One of these approaches relies on so-called multiple antigenic peptides (MAPs), in which the B-cell epitope branches out from a lysine core scaffold giving rise to a dendrimer display ([@B17]). Interestingly, two doses (2 mg each) of a dendrimer peptide displaying four copies of the G-H loop from a type C FMDV linked to a heterotypic and highly conserved T-cell epitope from FMDV 3A protein \[3A (21--35)\], were able to protect pigs against homologous FMDV challenge ([@B18]). More remarkably, downsized versions bearing two copies of the B-cell epitope afforded full protection in swine against an epidemiologically relevant type O FMDV even upon a single peptide dose ([@B19], [@B20]).

The protective responses elicited by B~2~T-3A and other related dendrimeric constructs (hereafter B~2~T-dendrimers), associate with the induction of high titers of nAb and the activation of specific lymphocytes that would provide T-cell help for effective production of nAbs ([@B18], [@B19]). Besides, such T-cell epitopes can also stimulate T-cell subsets leading to the expression of IFN-γ, a cytokine with a relevant role in the antiviral response ([@B21]). Thus, a further characterization of the functional role of the T-cell epitope(s) recognized by swine lymphocytes in the B~2~T-dendrimers is relevant to understand how they work and to design vaccine improvements. Moreover, the MHC restriction phenomenon can limit the recognition by T-cells of B~2~T-3A and related peptide dendrimers among different pig individuals as well as between FMDV host species ([@B22], [@B23]). This makes the functional characterization of B~2~T-dendrimers encompassing T-cell epitopes other than T-3A an interesting goal.

Here, we show that a B~2~T-dendrimer (termed B~2~T-3D) including the porcine T-cell epitope identified in the 3D FMDV protein \[3D (56--70)\] previously shown to be promiscuous and heterotypic T-cell epitope ([@B24]) can elicit in pigs nAbs titers and IFN-γ-producing cells at levels similar to those induced by the dendrimer peptide B~2~T-3A.

Materials and Methods {#s2}
=====================

Peptides
--------

The B-cell epitope from FMDV (O/UK/11/2001), VP1 (residues 140--158), and the T-cell epitopes 3A (residues 21--35) and 3D (residues 56--70) were synthesized by Fmoc-solid phase synthesis (SPPS), purified by reverse-phase liquid chromatography (RP-HPLC) and characterized by mass spectrometry (MS). B~2~T-dendrimers were prepared by conjugation in solution of two B-cell peptides containing and additional C-terminal Cys (free thiol form) with one T-cell epitope N-terminally elongated with two Lys residues followed by an extra Lys branching point further derivatized into two maleimide groups ([Table 1](#T1){ref-type="table"}). The B~2~T-3A and B~2~T-3D constructs were obtained via thiol--maleimide ligation at pH 6.0, purified by RP-HPLC and characterized by MS ([@B18], [@B19], [@B25]).

###### 

B~2~T bivalent dendrimeric constructions.

  **B**~****2****~**T dendrimers**                                                                
  ----------------------------------------------------------- ----------------------------------- ----------------------
  **General structure**[^**a**^](#TN1){ref-type="table-fn"}   ![](fvets-07-00498-i0001.jpg)       
  **B epitope**                                               acetyl-PVTNVRGDLQVLAQKAARTC-amide   
  **T-3A**                                                    AAIEFFEGMVHDSIK-amide               
  **T-3D**                                                    IFSKHRGDTKMSAED-amide               
  **Peptides**                                                **B**~**2**~**T-3A**                **B**~**2**~**T-3D**
  **MW**[^**b**^](#TN2){ref-type="table-fn"}                  6742.8 Da                           6770.8 Da
  **HPLC**[^**c**^](#TN3){ref-type="table-fn"}                6.9 min (98%)                       5.1 min (98%)

*B~2~T(mal) construct with the B epitope linked to a 3-maleimidopropionic acid unit attached in the Lys core and linked to the T cell epitope (T3-A or T-3D)*.

*Experimental peptide mass obtained by LC/MS*.

*Retention time on a C18 column (Luna, 4.6 × 50 mm, 3 mm; Phenomenex) eluted with a 20--60% linear gradient of solvent B (0.036% TFA in MeCN) into solvent A (0.045% TFA in H~2~O) over 15 min. In parenthesis, homogeneity of purified material*.

Viruses
-------

The FMDV stocks (O/UK/11/2001), O/SKR, O~1~Manisa, O~1~BFS (The Pirbright Institute, UK) and O~1~Campos (OPS-PanAftosa) were amplified in IBRS-2 cells and type C CS8-c1 virus ([@B26]) was amplified in BHK-21 cells.

Animals
-------

### Mice

Groups of five 5-to-6-week-old outbred female mice were (Swiss ICR-CD1, Envigo) were maintained under standard housing conditions at CBMSO animal facility. Mice were immunized subcutaneously at days 0 and 21 with 100 μg of each B~2~T-dendrimer peptide emulsified in Montanide ISA 50V2 (Seppic-France) and euthanized at day 40. Blood samples were collected at days 0, 21, and 40 post-immunization (pi). Experimental procedures were conducted in accordance with protocols approved by the CSIC Committees on Ethical and Animal Welfare and by the National Committee on Ethics and Animal Welfare (PROEX 034/15).

### Pigs

White cross-bred Landrace female pigs, 9--12 weeks-old (20 Kg), were maintained in a conventional farm facility at the Departamento de Reproducción Animal, INIA, Madrid. Groups of four pigs were immunized with B~2~T-3A or B~2~T-3D at day 0 with 2 ml of Montanide ISA 50V2 emulsion containing 2 mg of the corresponding peptide and boosted at day 21 pi. Two additional pigs were PBS-inoculated and maintained as controls. Blood samples were collected at days 0, 7, 14, 21, 28, 35, and 70 pi to obtain serum and peripheral blood mononuclear cells (PBMCs). The study was approved (CBS2014/015 and CEEA2014/018) by the INIA Committees on Ethics of Animal Experiments and Biosafety, and by the National Committee on Ethics and Animal Welfare (PROEX 218/14).

Virus Neutralization Test (VNT)
-------------------------------

Neutralization assays were performed in 96-well culture plates. Serial 2-fold dilutions of each serum sample (in DMEM containing 2% fetal bovine serum) were incubated with 100 infection units−50% tissue culture infective doses (TCID~50~)--of FMDV (O/UK/11/2001) for 1 h at 37°C. Then, a cell suspension of IBRS-2 cells in DMEM was added and plates were incubated for 72 h. Monolayers were controlled for development of cytopathic effect (cpe), fixed, and stained. End-point titers were calculated as the reciprocal of the final serum dilution that neutralized 100 TCID~50~ of homologous FMDV in 50% of the wells ([@B19]). For cross neutralization assays, incubation of sera with the panel of FMD viruses (O/SKR, O~1~Manisa, O~1~BFS, and O~1~Campos) that belonged to different type O topotypes was performed in parallel to that of the homologous isolate O/UK/11/2001 and the negative control type C CS8-c1 virus. The antigenic relationship of viruses was calculated by the ratio *r*~1~ = nAb titers against the heterologous virus/nAb titer against homologous virus, as reported ([@B27]).

Detection of Anti-FMDV Antibodies by ELISA
------------------------------------------

Specific antibodies were assayed by ELISA as described ([@B19]) using plates coated with peptide B (1 μg) that were incubated with 3-fold dilutions of serum and detected using HRP-conjugated protein A. Plates were read at 450 nm and titers expressed as the reciprocal of the last serum dilution given an absorbance range of two standard deviations above the background (serum at day 0) plus 2 SD.

PBMC Isolation and IFN-γ Detection by ELISPOT
---------------------------------------------

Porcine PBMCs were isolated from blood samples collected in Vacutainer tubes EDTA-K2, diluted 1:1 in PBS and then used to obtain PBMC by density-gradient centrifugation with Histopaque 1077 (Sigma) and Leucosep tubes (Greiner Bio-One) as described ([@B28]). For the IFN-γ ELISPOT assay 2.5 × 10^5^ PBMCs were shed in triplicate wells of Immobilon-P plates (Merck Millipore) coated as reported ([@B19]) and *in vitro* stimulated with 50 μg/ml of their respective immunogenic peptides. As positive or negative controls, cells were incubated with 10 μg/ml of phytohaemagglutinin (Sigma) or only with medium, respectively. After 48 h at 37°C and 5% CO~2~, plates were washed and incubated with a biotinylated mouse anti-pig IFN-γ (clone P2C11, BD) followed by streptavidin:HRP (BD). The frequency of peptide-specific T-cells was expressed as the mean number of spot-forming cells/10^6^ PBMCs, with background values (number of spots in negative control wells) subtracted from the respective counts of stimulated cells. These experiments were performed using outbred domestic pigs with different individual genetic backgrounds. In any case, the levels of animal-to-animal variation did not exceed those observed in other related studies ([@B11]).

Statistical Analyses
--------------------

Differences among peptide-immunized groups in FMDV-antibody titers and number of IFN-γ producing cells were analyzed using the Student\'s *t*-test. Values are cited in the text as mean ± SD. All *p*-values are two sided, and *p* \< 0.05 were considered significant. Statistical analyses were conducted using GraphPad Prism Software 5.0.

Results {#s3}
=======

Analysis of the Humoral Immune Response Elicited by B~2~T-3D FMDV Dendrimer in a Mouse Model
--------------------------------------------------------------------------------------------

The mouse strain Swiss ICR (CD1®) offers the possibility of conducting immunogenic studies in outbred populations that mimic the heterogeneous genetic background of natural FMDV hosts ([@B29]). As previous results showed that peptide B~2~T-3A was able to induce significant levels of nAbs in outbred Swiss ICR mice, this strain was used to evaluate the immunogenicity of the dendrimer B~2~T-3D. To this end, groups of five mice were immunized with each B~2~T-dendrimer construction.

Total IgG antibodies against B-cell peptide were measured by ELISA after one dose (day 21 pi) or two doses of peptide (day 40 pi). After the first dose, B~2~T-3A induced antibody titers (3.4 ± 0.9 log~10~), whereas no antibodies were detected in any animal from the B~2~T-3D group ([Figure 1A](#F1){ref-type="fig"}). After the peptide boost, antibody titers increased significantly in the B~2~T-3A group (4.1 ± 1.2 log~10~) while only one animal from B~2~T-3D group showed detectable antibodies ([Figure 1B](#F1){ref-type="fig"}).

![FMDV antibodies elicited in mice by B~2~T-3A and B~2~T-3D dendrimers. Total IgG antibodies against peptide B detected by ELISA in sera from immunized mice after the first (day 21 pi) **(A)** and the second peptide dose (day 40 pi) **(B)**. Virus neutralization titers, expressed as the reciprocal log~10~ of the last serum dilution that neutralized 100 TCID50 of homologous FMDV, after the first **(C)** and second peptide dose **(D)**. Each point represents the mean of a triplicate value of a single animal. Horizontal bars indicate the mean of each group. Statistically significant differences are indicated by asterisks (\*) for *p* \< 0.05 and (\*\*) for *p* \< 0.005; (ns) statistically non-significant difference. A representative experiment out of five is presented.](fvets-07-00498-g0001){#F1}

Next, neutralizing activity against homologous FMDV was analyzed in sera from immunized mice. At day 21 pi, nAbs were detected in animals from B~2~T-3A (1.1 ± 0.6 log~10~). In contrast, none of the mice immunized with B~2~T-3D displayed detectable nAbs ([Figure 1C](#F1){ref-type="fig"}). After the boost, the titers increased in the B~2~T-3A group (2 ± 0.5 log~10~), while only one of the B~2~T-3D immunized mice showed detectable levels of nAbs ([Figure 1D](#F1){ref-type="fig"}).

These results suggest that the T-3D epitope incorporated in the B~2~T-dendrimeric construction is not efficiently recognized as a T-helper epitope in Swiss ICR mice.

Immunogenicity in Swine of a B~2~T Construction Harboring a T-Cell Epitope From FMDV Non-structural Protein 3D
--------------------------------------------------------------------------------------------------------------

The above results indicate that the 3D epitope previously identified as a T-cell epitope in swine was not efficiently recognized by murine lymphocytes ([Figure 1](#F1){ref-type="fig"}). To confirm its potential to immunomodulate the response to B~2~T-dendrimers comprising the antigenic B-cell site on the VP1 GH loop in pigs, we decided to test in parallel the immune response elicited by B~2~T-3D and B~2~T-3A in this species, including the longevity of the response. To this end, groups of four pigs were immunized with 2 mg of B~2~T-3A (pigs 80, 81, 82, and 83), B~2~T-3D (pigs 84, 85, 86, and 87) or non-immunized (88 and 89). At day 21 the animals were boosted with the same amount of peptide and sera and PBMCs samples were collected at the indicated times. One animal from B~2~T-3A group (pig 83) showed a deteriorated health status during the second week of the experiment, being excluded from the analysis.

### Dendrimers B~2~T-3D and B~2~T-3A Elicit Similar Antibody Responses

The total IgG antibodies elicited by the peptides were measured by ELISA. Specific antibodies were detected in both groups at day 14 pi from which a gradual increment was observed. No remarkable boost effect was observed neither in B~2~T-3A nor in B~2~T-3D immunized pigs and high levels of IgG antibodies were maintained until day 70 (2 months pi) without significant differences between the two groups. As expected, no specific antibodies were detected in the sera from control PBS-inoculated pigs ([Figure 2A](#F2){ref-type="fig"}).

![Peptides B~2~T-3D and B~2~T-3A induce similar antibody responses. **(A)** Total IgG specific antibody titers measured by ELISA in sera collected at different days pi. Points depict mean antibody titers for each group of pigs. VNT in sera from animals immunized with **(B)** B~2~T-3A, **(C)** B~2~T-3D, and **(D)** non-immunized. Titers are expressed as the reciprocal log~10~ of the last serum dilution that neutralized 100 TCID50 of homologous FMDV. Each symbol represents the value for an individual pig. Horizontal lines indicate the geometric mean for each animal group (*n* = 4) and dotted lines the detection limit. The arrows show the day of the boost.](fvets-07-00498-g0002){#F2}

Next, the ability of these antibodies to *in vitro* neutralize homologous virus was tested. B~2~T-3A-immunized pigs elicited nAbs by day 14 pi (1.3 ± 0.4 log~10~) that increased by day 21 pi (1.6 ± 0.6 log~10~). After the second peptide dose, the titers increased reaching an average value of 2 ± 0.1 log~10~ at day 28 pi, and a peak at day 35 pi (2.4 ± 0.1 log~10~), following a gradual smooth decrease until day 70 pi (1.8 ± 0.4 log~10~) ([Figure 2B](#F2){ref-type="fig"}).

The nAbs from B~2~T-3D vaccinated group followed a similar time course and no significant differences were found when compared with B~2~T-3A. At day 14 pi, nAbs titers were first observed (1.4 ± 0.1 log10) and increased at day 21 pi (1.8 ± 0.3 log~10~). After the boost, the average titers reached the peak at day 28 pi (2.1 ± 0.3 log~10~) and were maintained until day 35 pi (2.1 ± 0.3 log~10~). A slight decrease, similar to that observed in the B~2~T-3A group, was detected at day 70 pi (1.5 ± 0.1 log~10~) ([Figure 2C](#F2){ref-type="fig"}). No neutralizing activity was found in sera from PBS-inoculated animals at any time point ([Figure 2D](#F2){ref-type="fig"}).

Thus, B~2~T-3D elicited an antibody response in pigs that paralleled that of B~2~T-3A.

### T-Cell Responses Elicited by B~2~T-3D and B~2~T-3A

The ability of peptide B~2~T-3D to induce specific T-cell responses was assessed in PBMCs isolated from immunized pigs by ELISPOT analysis of the IFN-γ-secreting cells. In this experiment, the B-cell peptide was included as stimulus for the *in vitro* recall, to address the possibility of its recognition by T-cells. As in previous experiments, intragroup variability was observed in the responses, which was reflected in the presence in each group of high responders (B~2~T-3A: pigs 81 and 82; B~2~T-3D: pigs 86 and 87) and low responders (B~2~T-3A: pig 80; B~2~T-3D: pigs 84 and 85). A remarkable primary response of IFN-γ secreting cells was noticed at day 14 pi ([Figure 3](#F3){ref-type="fig"}). Interestingly, the two high responder pigs in the B~2~T-3D group showed more IFN-γ spots than the higher responders in the B~2~T-3A group when their PBMCs were stimulated with the whole homologous dendrimer (1.743 ± 364 for B~2~T-3D group vs. 1.206 ± 244 for B~2~T-3A group) and the specific T-cell epitope (1.679 ± 453 vs. 959 ± 587). The magnitude of the responses was lower when cells were stimulated with the B-cell peptide, with the higher values being in pigs immunized with B~2~T-3A (130 ± 97 vs. 507 ± 183) ([Figure 3](#F3){ref-type="fig"}). At day 21 pi the response weaned in both groups reaching similar levels of IFN-γ spots when cells were stimulated with the dendrimer (847 ± 105 vs. 800 ± 224) and the T-cell epitope (785 ± 5 vs. 646 ± 382). At this time, responses against B-cell peptide were clearly lower (42 ± 16 vs. 286 ± 186) ([Figure 3](#F3){ref-type="fig"}). After the boost, a non-immediate secondary response was observed at day 35 pi in the two major responders in each group when stimulated with the corresponding dendrimer (1,073 ± 132 vs. 1,161 ± 87, respectively). However, when stimulated with the T-cell peptide, the IFN-γ production was higher in the B~2~T-3D group (929 ± 242 vs. 637 ± 52). The response dramatically weaned in both groups being scarcely detected at day 70 pi. As expected, non-immunized animals did not induce IFN-γ secreting cells upon stimulation with any of the specific peptides ([Figure 3](#F3){ref-type="fig"}).

![T-cell responses in pigs immunized with B~2~T-3A and B~2~T-3D constructions. PBMCs isolated from individual animals of each group were collected at different days pi. Cells were stimulated *in vitro* for 48 h with homologous dendrimer, T-cell epitope or B-cell epitope, and the number of cells expressing IFN-γ was measured by ELISPOT. PBMCs stimulated with medium (not shown) were included as a negative control of the assay and subtracted. Each point represents the mean of a triplicate of an individual animal. Arrows show the day of the boost.](fvets-07-00498-g0003){#F3}

Interestingly, the frequencies of IFN-γ spots in response to the B-cell peptide in pigs from the B~2~T-3D group were considerably lower than those of B~2~T-3A immunized animals. These results suggest that the B-cell epitope plays a minor role in cytokine production in B~2~T-3D immunized pigs making T-3D epitope a more potent inducer of IFN-γ-producing cells compared to T-3A epitope.

### Dendrimers B~2~T-3D and B~2~T-3A Elicit nAbs Against a Broad Spectrum of Type O FMDVs

The high antigenic diversity of FMDV makes the development of vaccines a challenging issue. Since type O FMDVs are responsible of many of the current FMD outbreaks in endemic countries, a broad-spectrum response is necessary for optimal vaccines against this serotype ([@B30]). Therefore, we were interested in assessing the neutralization range afforded in pigs by the B~2~T-dendrimers studied. To this end, sera recovered from the pigs vaccinated in this study with peptides B~2~T-3A and B~2~T3-D, as well as those of pigs previously immunized with B~2~T-3A ([@B20], [@B31]) were tested for their ability to neutralize a panel of type O FMDVs ([Figure 4](#F4){ref-type="fig"}). The FMDV isolates selected belonged to different type O topotypes, i.e., viruses from different spatiotemporal locations. A non-related serotype C FMDV isolate (CS8-c1) was included as a serotype-specific control.

![Sera from pigs immunized with B~2~T-dendrimers can neutralize a wide panel of different FMDVs type O topotypes. Sera recovered from animals immunized with B~2~T-3A and B~2~T-3D at days **(A)** 21 and **(B)** 28 pi were tested for its capability to neutralize a panel of different type O FMDVs. Individual columns represent the mean of each group (*n* = 4) ± SD. Values are expressed as the reciprocal log~10~ of the last serum dilution that neutralized 100 TCID50 of each FMDV. **(C,D)** Antigenic relationship (*r*~1~) values of the six viruses. The serological match (r~1~-values; calculated as described in Materials and Methods) of sera from pigs immunized with **(C)** B~2~T-3A including those from previous experiments ([@B20], [@B31]) and **(D)** B~2~T-3D is shown and each symbol represents the value for an individual pig. Horizontal lines indicate the geometric mean for each animal group against each virus (*n* = 18 for B~2~T-3A and *n* = 4 for B~2~T-3D). Statistically significant differences are indicated by asterisks (\*\*\*) for *p* \< 0.0005.](fvets-07-00498-g0004){#F4}

At day 21 pi, animals immunized with B~2~T-3A and B~2~T-3D showed nAbs titers against the panel of FMDVs without significant differences among the viruses compared ([Figure 4A](#F4){ref-type="fig"}). A similar neutralizing profile was observed at day 28 pi, after the second immunization with the same dose of each of the peptides ([Figure 4B](#F4){ref-type="fig"}). The level of neutralization afforded at day 21 pi by B~2~T-3A and B~2~T-3D against the panel of viruses relative to the homologous isolate O/UK/11/2001 (r1 value; VNT ratio: virus problem/O/UK/11/2001) is shown in [Figures 4C,D](#F4){ref-type="fig"}. While for B~2~T-3D the data compared belong to the four pigs immunized in this study ([Figure 4D](#F4){ref-type="fig"}), for B~2~T-3A, a total of 18 animals, including those immunized with this dendrimer in previous works ([@B20], [@B31]) were included ([Figure 4C](#F4){ref-type="fig"}). All the viruses tested showed r1 values similar or for some of the animals immunized with B~2~T-3A even higher than that of O/UK/11/2001. As expected, the nAbs were serotype-specific and none of the sera from any immunized animal was able to neutralize type C CS8-c1 virus ([Figure 4](#F4){ref-type="fig"}).

These results support that B~2~T-dendrimers induce a broad anti-FMDV immunity within a serotype, which can be considered as an important valuable asset for their potential use in endemic countries where a wide spectrum of antigenic variable pools of FMDVs can circulate.

Discussion {#s4}
==========

For a rational FMDV peptide vaccine design, the incorporation of B-cell antigenic sites that fully mimic their native viral conformation and are efficiently recognized by B-cells, as well as species embodying T-cell epitopes that provide an adequate T-cell help and recognition from lymphocytes, are key issues. In this context, the characterization of FMDV-specific epitopes functionally analogous to T-3A is a relevant work to extend the repertoire of T-cell epitopes to be included in dendrimeric vaccines that particularly face the MHC (SLA in swine) polymorphisms of different pig breeding\'s, thus becoming a potential manner to increase the quality of the immune responses elicited by peptide-based vaccines.

We previously reported that alternative subunit vaccines consisting of multiple FMDV antigenic peptides, including B~2~T-3A, induced similar nAb titers in outbred Swiss mice as those elicited in pigs ([@B31], [@B32]). Therefore, in this work we first addressed the immunogenicity of B~2~T-3D dendrimer peptide, using this mouse model as a screening system to confirm that this construction, harboring a T-cell epitope identified in swine, retained the ability to elicit FMDV nAbs. Unexpectedly, our results indicate that peptide B~2~T-3D did not induce Ab in mice unlike the previous analog B~2~T-3A. These results suggest that the T-3D epitope comprised in the B~2~T-dendrimeric platform is not efficiently recognized as a T-helper epitope in Swiss mice, probably due to its low affinity for mouse MHC class II haplotypes. Nevertheless, we cannot rule out that an inefficient processing of the epitope and/or conformation alterations affecting to the correct cross-linking of the B-epitope can also be contributing to the lack of antibody induction observed. Thus, further work is required to confirm the lack of recognition of T-3D by murine T-cells. In any case, our results evidence the limitations of mouse models for the analysis of the role of FMDV-specific T-cell epitopes ([@B33]--[@B35]).

Replacement of T-3A or its combination with other T-cell peptides are possibilities to explore the effect of altering the recognition B~2~T constructions by T-cells. As commented above, different T-cell epitopes previously identified in swine were not efficiently recognized by murine lymphocytes. Thus, despite the limited amount of nAbs elicited by B~2~T-3D in mice, we selected T-3D to study the effect of its inclusion on the immunogenicity of B~2~T-dendrimer in swine, showing that B~2~T-3D and B~2~T-3A elicited similar antibody responses, with titers being consistent by day 70 pi, as previously reported for B~2~T-3A ([@B31]).

Animal-to-animal variation observed is a common feature in previous studies with peptide and other subunit vaccines ([@B9], [@B11], [@B18], [@B31], [@B36], [@B37]). As in all FMDV natural hosts, the genetic background of individual pigs may differ. Thus, a pool of SLA alleles exists in the population and, as mentioned above, this polymorphism can contribute to the individual variability observed ([@B38]).

Both B~2~T-3A and B~2~T-3D elicited consistent levels of neutralizing antibodies. As previously reported, B~2~T-3A also induced IFN-γ expressing T-cells that were *in vitro* recalled by T-3A peptide and, interestingly to a lower extent, by B-cell peptide with similar time courses, supporting that both sequences were recognized as T-cell epitopes. Conversely, the IFN-γ expressing cells elicited by B~2~T-3D preferentially recognized the T-3D peptide, suggesting that this epitope is a potent inducer of IFN-γ. Further experiments are in progress to confirm the immunostimulatory differences between T-3A and T-3D.

Implementation of efficient vaccination campaigns against FMD requires the use of inactivated viruses capable of eliciting protective responses against circulating and emerging FMDVs, including serotype- specific vaccine isolates into vaccine formulations ([@B39]). Thus, because of the wide antigenic range presented by FMDV, an optimal vaccine needs to protect against a wide FMDV spectrum. This is particularly the case for vaccines against type O viruses, which are responsible for major outbreaks in epidemic countries ([@B40]).

Initial experiments with linear peptides indicated that the elicited nAbs were able to neutralize not only the homologous virus, whose sequence contains the VP1 GH-loop, but also heterologous FMDV isolates ([@B41]). Our results show that dendrimer peptide B~2~T-3D elicited, in most cases, high titers of cross-neutralizing antibodies, which, for some isolates, were higher than those against the homologous virus in a similar manner than when using B~2~T-3A to immunize pigs. Multiple factors inherent to the assay such as the differences in thermal stability among the viral isolates analyzed, can contribute to explain these observations, which have also been reported for type A FMDV conventionally vaccinated animals ([@B27]) and for an adenovirus-vectored type O FMDV vaccine ([@B42]). On the other hand, the modular approach used also allows extension to other FMDV serotypes.

In summary, a B~2~T-dendrimer incorporating FMDV T-cell epitope T-3D elicits high levels of neutralizing antibodies and a potent response of IFN-γ producing-cells. These results extend the repertoire of T-cell epitopes efficiently recognized by swine lymphocytes and open the possibility of using T-3D to enhance the immunogenicity and the protection conferred by B~2~T-dendrimers.

Data Availability Statement {#s5}
===========================

All datasets presented in this study are included in the article/supplementary material.

Ethics Statement {#s6}
================

The animal study was reviewed and approved by CSIC Committees on Ethical and Animal Welfare and by the National Committee on Ethics and Animal Welfare (PROEX 034/15) (CBS2014/015 and CEEA2014/018) by the INIA Committees on Ethics of Animal Experiments and Biosafety, and by the National Committee on Ethics and Animal Welfare (PROEX 218/14).

Author Contributions {#s7}
====================

FS, EB, DA, RC-A, PL, and MF conceived and designed the experiments. RC-A, PL, ET, MF, SD, and MB performed the experiments. RC-A, PL, MF, EB, DA, and FS analyzed the data and wrote the manuscript. All authors contributed to manuscript revision, read, and approved the submitted version.

Conflict of Interest {#s8}
====================

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

We thank F. Valcarcel and the staff of the INIA animal facilities for their assistance.

**Funding.** This work was supported by the Spanish Ministry of Science, Innovation, and Universities (grant AGL2017-89097-C2 to FS and DA; AGL2016-76445-R to EB), Comunidad de Madrid co-financed with ECFEDER funds (P2018/BAA-4370 to FS and EB), and Generalitat de Catalunya (2009SGR492 to DA). Work at Centro de Biología Molecular Severo Ochoa and at UPF was supported by Fundación Ramón Areces and by the Maria de Maeztu Program of the Spanish Ministry of Science, Innovation, and Universities, respectively. RC-A and MF were holders of a Ph.D. fellowship from the Spanish Ministry of Science, Innovation, and University (FPI programme).

[^1]: Edited by: Cyril Gerard Gay, United States Department of Agriculture (USDA), United States

[^2]: Reviewed by: Florencia Celeste Mansilla, National Agricultural Technology Institute, Argentina; Mirinda Van Kleef, Agricultural Research Council of South Africa (ARC-SA), South Africa

[^3]: This article was submitted to Veterinary Epidemiology and Economics, a section of the journal Frontiers in Veterinary Science

[^4]: †These authors have contributed equally to this work
